ABSTRACT This paper proposes a coupled-feed structure accompanied by cavity walls for an extremely small four-element array with an aperture size of less than 0.4λ. The feeding loop of the proposed structure is connected to two output ports of a hybrid chip coupler, and the radiating loop is coupled to the feeding loop through near electromagnetic fields confined within the substrates. This structure allows to increasing the effective dielectric constant of the antenna, which helps to miniaturize the aperture size of the antenna. Another advantage of the proposed structure is that the effective dielectric constant can be adjusted by varying the height of the cavity walls. To verify the operating principles, an equivalent circuit is built, and variations of magnetic field distributions are also observed. Furthermore, performances on interference mitigation are evaluated based on the power inversion algorithm. The results confirm that the proposed structure is suitable to replace current single-antenna systems for an additional capability of effective interference mitigation in such a restricted area.
I. INTRODUCTION
In recent satellite navigation systems, there has been a growing demand to replace a single microstrip antenna with an antenna array, especially for aeronautic vehicles [1] . The greatest advantage of this replacement is that the system becomes capable of steering pattern nulls toward directions of interferences, such as intentional jammers [2] - [6] . This approach is also known as a controlled reception pattern antenna (CRPA) operation, and the nulling direction is adjusted by varying phase excitations at antenna ports to keep the jamming power as low as the noise floor [7] . However, in most of the cases, the space occupied by the single antenna is limited to a few centimeters, which is less than a half wavelength in the GPS L bands. Thus, there has been a lot of effort to miniaturize the array aperture to fit multiple antennas in the given space without structural modification. General approaches to the aperture miniaturization are the use of high-dielectric ceramic substrates [8] , [9] , slot
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insertion [10] , [11] , and shorting pins [12] , [13] . However, the antenna with a higher dielectric constant has a lower aperture efficiency with increased sensitivity of fabrication error [14] . In addition, the insertion of slots and shorting pins to microstrip patches often exhibits a narrow bandwidth for both the impedance matching and the axial ratio [15] . Note that the narrow bandwidth is not preferred in small arrays because antenna characteristics are easily degraded by the effect of strong mutual coupling causing unexpected frequency shifts [16] .
In this paper, we propose a coupled-feed structure combined with cavity walls to enhance the effective dielectric constant for an extremely small four-element CRPA array. The proposed structure consists of a lower feeding loop and an upper radiating loop, and these loops are printed on the top of thick ceramic substrates. The feeding loop is connected to two output ports of an external hybrid chip coupler for circular polarization, and the radiating loop is electromagnetically coupled to the feeding loop. This structure is originally proposed in [17] by the same author to achieve the frequency-insensitive behavior between dual resonances in the GPS L1 and L2 bands; however, in this paper, we present a different perspective with a modified structure for a single resonance. The major contribution of our work is that we add cavity walls on lateral faces of the substrates to increase the effective dielectric constant for further miniaturization. Note that the antenna size without the cavity in [17] cannot be further reduced unless a higher dielectric constant is employed. In addition, the conventional role of the cavity structure is to realize the Fabry-Perot effect for increased directivity [18] , which is distinguished from our approach. As a result, the aperture size of 0.113λ is achieved for each individual antenna, and the total array aperture including its ground is reduced to 0.4λ at 1.575 GHz. To verify the feasibility, the four-element array is fabricated, and its antenna characteristics are measured in a full anechoic chamber. Operating principles are interpreted by modeling an equivalent circuit, and variations of magnetic field distributions are also observed to analyze how the use of cavity walls increases the effective dielectric constant. In addition, the null steering performances are further demonstrated by applying the power inversion algorithm according to different jamming powers [19] . The results confirm that the proposed structure is suitable to miniaturize its aperture size for extremely small arrays and allows the capability of effective interference mitigation in such a restricted area.
II. PROPOSED ANTENNA ARRAY
A. DESIGN APPROACH Fig. 1 shows a geometry of the proposed four-element array that is mounted on a printed circuit board (PCB) with a maximum aperture diameter of 76.3 mm (0.4λ at 1.575 GHz) and thickness h g . The PCB embeds circuits of external hybrid chip couplers at the bottom, and its shape mimics the given space that is originally assigned for a stand-alone GPS antenna. To place four elements within the given space, the maximum aperture size of each array FIGURE 1. Geometry of the proposed four-element array.
element should be restricted to 21.5 × 21.5 mm 2 , which is 0.113λ× 0.113λ at 1.575 GHz. Although the use of high permittivity is a well-known approach to miniaturize microstrip patch antennas, it causes the reduction of radiation efficiency, which is not desired in such long-distance satellite signal reception. Thus, instead of further increasing the permittivity, we employ the cavity wall onto the lateral faces of ceramic substrates to maximize the effective dielectric constant. The use of cavity walls increases the effective dielectric constant by confining fields inside the cavity wall, which allows fringing fields to remain within the substrates. Then, the electromagnetically coupled feed structure, presented in [17] , is adopted because of two advantages [20] - [23] . First, the edge length is reduced to about λ/4, which is half of a conventional square patch antenna ( ∼ = λ/2), since the circumference of the square loop is designed to be about one wavelength (λ). Second, when the two loops are vertically well-aligned, the magnetic flux generated by the feeding loop helps to increase the strength of magnetic coupling between the loops. In our approach, ceramic substrates with dielectric properties of ε r = 20 and tanδ = 0.002 are used, and their thicknesses are indicated by h l and h u . The feeding loop is connected to the external chip coupler through two via pins with a phase difference of 90 • , and the feeding positions are determined by f l . The microstrip loops have outer edge lengths of w l and w u with inner edge lengths of g l and g u , and they are adjusted to vary the ratio between electric and magnetic coupling strengths for better impedance matching properties. The four corners of the substrates are truncated by 1.1 mm so that the cavity walls of nearby antennas are electrically separated without a physical contact for lower mutual coupling. Note that the circumference of the feeding loop is determined to be one wavelength at a higher frequency band (> 2 GHz), while the radiating loop resonates at 1.575 GHz. This is a distinguished approach compared to [17] whose target resonant frequencies are 1.227 GHz and 1.575 GHz using lower and upper loops, respectively. As a result, the effective dielectric constant, denoted by ε eff , is increased from 18 to 19.5, and the target aperture size of 21.5 × 21.5 mm 2 (0.113λ× 0.113λ) is achieved.
B. FABRICATION AND MEASUREMENT
The proposed structure is tuned to maximize the bore-sight gain of active element patterns at 1.575 GHz [24] , and the optimized values are listed in Table 1 . As we aimed, the feeding and radiating loops have circumferences of 31.6 mm and 45.6 mm, which are about one wavelength at 2.25 GHz and 1.575 GHz, respectively. Fig. 2 shows a fabricated array with the PCB ground embedding antenna feeding networks at the bottom. Each feeding network is designed to excite the feeding loop with a phase difference of 90 • for circular polarization and consists of hybrid chip couplers (model: XC1400P-03S, Anaren Inc., Syracuse, NY, USA), 50-termination chips, and coplanar waveguides. other ports are terminated by 50-loads. In our simulation, scattering parameters of the two pins, denoted as S 11 , S 12 , S 21 , and S 22 , are obtained from full-wave electromagnetic simulations [25] . Then, these parameters are used to calculate the reflection coefficient with an assumption that the hybrid coupler has an ideal response, as given by
Due to the use of hybrid chip couplers, the antenna shows broadband characteristics, and both results show a good agreement with simulated and measured values of −13.6 dB and −12.5 dB at 1.575 GHz. Fig. 3(b) provides mutual coupling, denoted by |S 21 | and |S 31 |, as a function of frequency. The measured |S 21 | is −9.7 dB, and the simulated |S 21 | is −9.9 dB for an inter-element spacing of 31.1 mm (0.16λ). These values are consistently greater than |S 31 | whose measured and simulated values are −20.7 dB and −19.3 dB, respectively, which is due to the larger separation of 44 mm (0.23λ). Fig. 4 shows simulated bore-sight gains of active element patterns in comparison with measured results. The blue line indicates simulated data, and the measured data are specified by a red line and ' * ' markers, which are obtained in semi-and full-anechoic chambers. We present the results obtained zin the semi-anechoic chamber as well to present a continuous curve, because the maximum number of frequency points gain without the mutual coupling effect is 2.42 dBic with the radiation efficiency of 58.9%; however, the mutual coupling degrades the radiation efficiency to 27.5%, which results in the gain reduction of about 3.9 dB. Fig. 5 shows measured and simulated axial ratios in the bore-sight direction. Both results confirm that the antenna is circularly polarized with measured results of 0.31 dB (full) and 0.96 dB (semi), which are similar to the simulated value of 0.82 dB.
Figs. 6(a) and 6(b) provide active element patterns in zx-and yz-planes of Ant. 1 at 1.575 GHz. Solid lines show patterns with the right-hand circular polarization, and dashed lines present those of the cross polarization. In zx-plane, the maximum measured gain is −2.24 dBic at θ = −10 • with the measured cross-polarization level of −22.5 dB in the bore-sight direction. Similarly in the yz-plane, the maximum gain of −1.92 dB is slightly steered toward θ = 10 • , and the cross-polarization level is measured and simulated as −20.7 dB and −26.6 dB. These active element patterns produce a broadside radiation when antenna ports are excited by the following complex weight: 0.25e −j0 • , 0.25e −j90 • , 0.25e −j180 • , and 0.25e −j270 • . The peak radiation gain is observed as 4.6 dBic at θ = 0 • , and this is about 6 dB greater than a single antenna in the existence of mutual coupling effects.
III. INTERPRETATION AND ANALYSIS
A. PARAMETRIC STUDY Fig. 7(a) presents frequency responses of bore-sight gains according to heights of cavity walls. The resonant frequency without the cavity wall is 1.75 GHz with a peak gain of 3.4 dBi and shifts toward the lower frequency points of 1.65 GHz and 1.55 GHz by inserting 3-mm and 6-mm cavity walls, respectively. This implies that the effective dielectric constant can be linearly scaled by the cavity height, which helps to miniaturize the aperture size for individual elements.
To further demonstrate the effectiveness of the proposed design, we employed the same design approach using a conventional probe-fed square patch antenna as shown in Fig. 7(b) . For a fair comparison, the antenna characteristics are tuned for the same ceramic substrate (ε r = 20, tanδ = 0.002) with dimensions of 21.5 mm × 21.5 mm × 6 mm. The lowest resonant frequency that the antenna could achieve was 1.91 GHz with an edge length of 21 mm and a feeding position of 8 mm from the patch center, as indicated by a blue line. The green line exhibits a frequency response of the conventional antenna when cavity walls surround lateral faces of the substrates. In this structure, a parasitic resonance occurs at around 1.14 GHz unexpectedly due to the cavity dimensions, and the resonance of the square patch remains at the same frequency. These results support that our design approach of scaling the effective dielectric constant can be achieved by accompanying the cavity walls with the proposed coupled feeding structure.
B. EQUIVALENT CIRCUIT MODEL
To interpret operating principles of the proposed structure, we built an equivalent circuit model as illustrated in Fig. 8(a) . The feeding pin is modeled as a series inductance, denoted by L pin , and each loop is expressed as a parallel RLC circuit. Detailed values of the lumped elements are listed in Table 2 , and frequency responses of the equivalent circuit model without and with the cavity walls are shown in Figs. 8(b) and 8(c) . Note that the resonant frequency of the feeding loop, given as f r,feed , remains the same at 1915 MHz although the cavity wall is inserted. On the other hand, the resonance of the radiating loop is shifted from 1795 MHz to 1585 MHz because C 2 is increased while other values are almost identical. This is due to strong electric fields induced between the outer edge of the radiating loop and the cavity walls at the top layer, which allows to increase ε eff by maximizing the density of near electromagnetic fields within the cavity area. Fig. 9 provides distributions of magnetic field strengths from the antenna center according to the cavity height. The magnetic fields are calculated in the zx-plane at 61 × 13 points with an interval of 0.5 mm, and magnetic field strengths in the z-direction are averaged to calculate each data point. The peak value exists at around 6 mm because of the feeding pin, and the strength tends to decrease as the distance increases. As discussed in the equivalent circuit, the cavity confines near fields within the cavity area; for example, the strengths at 11 mm increase from 22.3 dBA/m to 32.3 dBA/m by inserting the cavity walls.
C. ANTI-JAMMING PERFORMANCES
To demonstrate the capability of interference mitigation, the proposed array is applied to an anti-jamming operation based on the power inversion algorithm in (2) .
This algorithm determines complex weight vectorw using covariance matrixR.ā jam is a steering vector for a jamming direction and is obtained from phase data of measured and simulated active element patterns. Each component of the weighting vector is multiplied to the signal obtained from each array element, and the weighted signals are summed, which corresponds to the signal received by null steering patterns. Fig. 10(a) shows a comparison of null depths according to different jamming powers incident to the array. It is assumed that the noise floor is fixed at about −104.8 dBm, thus, the jamming power of 10 −5 mW is similar to a jammerto-noise ratio (JNR) of 50 dB. In our approach, the antijamming operation is performed for a single jammer located in the azimuth direction with an angular interval of ϕ = 10 • at θ = 75 • . Then, one hundred independent simulations were conducted, and calculated null depths were averaged for more reliable results. Both results tend to decrease as the jamming power becomes weaker, and this tendency agrees well with each other. For instance, null depths obtained using measured and simulated patterns are 44.8 dB and 46.9 dB when the jamming power is 10 −5 mW. Fig. 10(b) presents an example null-steering pattern calculated using measured active element patterns. The jamming direction is specified by a red ' * ' marker, and satellites directions that are taken into account in our simulation are indicated by square markers. As can be seen, the array forms a sharp null with a gain of −36.4 dBic, and gains are maintained to be greater than −5.6 dBic in the satellite directions. The undesired null appears at ϕ = 270 • and θ = 85 • because of random noise characteristics, which implies that every snapshot of the null-steering operation produces different array patterns. This irregularity can be resolved by employing an adaptive algorithm, such as the least-mean-square method [26] , or using a non-uniform array with more elements. These results confirm that the proposed array can replace the current stand-alone GPS antenna with a capability of interference mitigation.
IV. CONCLUSION
We investigated the design of the coupled-feed structure with cavity walls to miniaturize the antenna aperture by enhancing effective dielectric constants. The measured results showed that the antenna was well-matched with the reflection coefficient of −14.6 dB, and the mutual coupling was maintained to be less than −9.7 dB (|S 21 |) and −20.7 dB (|S 31 |) for the inter-element spacing of 0.16λ and 0.23λ, respectively. The measured bore-sight gain was −2.51 dBic at 1.575 GHz, and the antenna was circularly polarized with the measured axial ratio of 0.31 dB in the bore-sight direction. It was also verified that the insertion of cavity walls helped to increase the magnetic field strength from 22.3 dBA/m to 32.3 dBA/m in the cavity area, which resulted in the increased effective dielectric constant. The interference mitigation performances were also evaluated based on the power inversion algorithm, and the measured null depth was 44.8 dB for the JNR of 50 dB. The results confirmed that the proposed structure is suitable for use as individual elements of small antenna arrays to replace current single-antenna systems for an additional capability of interference mitigation in an extremely restricted area. His research interests include the design and analysis of small antenna arrays for adaptive beamforming applications, such as the direction of arrival estimation, interference mitigation, radar, circularly-polarized antennas, vehicular and aeronautic antennas, global positioning system antennas, and antenna and array configuration optimization. He has actively contributed to the consideration of both antenna characteristics and signal processing perspectives for the improvement of overall beamforming performances.
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